A mini-microscope was developed for in situ monitoring of cells by modifying off-the-shelf components of a commercial webcam. The mini-microscope consists of a CMOS imaging module, a small plastic lens and a white LED illumination source. The CMOS imaging module was connected to a laptop computer through a USB port for image acquisition and analysis. Due to its compact size, 8 × 10 × 9 cm, the present microscope is portable and can easily fit inside a conventional incubator, and enables real-time monitoring of cellular behaviour. Moreover, the mini-microscope can be used for imaging cells in conventional cell culture flasks, such as Petri dishes and multi-well plates. To demonstrate the operation of the mini-microscope, we monitored the cellular migration of mouse 3T3 fibroblasts in a scratch assay in medium containing three different concentrations of fetal bovine serum (5, 10, and 20%) and demonstrated differential responses depending on serum levels. In addition, we seeded embryonic stem cells inside poly(ethylene glycol) microwells and monitored the formation of stem cell aggregates in real time using the mini-microscope. Furthermore, we also combined a lab-on-a-chip microfluidic device for microdroplet generation and analysis with the mini-microscope and observed the formation of droplets under different flow conditions. Given its cost effectiveness, robust imaging and portability, the presented platform may be useful for a range of applications for real-time cellular imaging using lab-on-a-chip devices at low cost. † Electronic supplementary information (ESI) available: Supplementary movies for cellular migration in a scratch assay, cell aggregate formation in a microwell, microdroplet generation inside a microfluidic chip and MATLAB code for image capture. See
Introduction
The light microscope is an invaluable tool for cell biology and it has been improved over time to meet different optical imaging demands. 1 For example, phase contrast microscopy has been developed to image a low-contrast objects, such as live cells which can not be seen clearly using a bright-field microscope. The phase contrast microscopy uses an annular phase ring that transforms small phase differences to amplitude differences which enables live cell imaging. Polarization microscopy utilizes polarized light to observe ordered molecules such as spindle fibers and actin filament bundles in living cells. Differential interference contrast (DIC) microscopy is yet another technique that uses dual-beam interference optics for applications demanding high resolution and contrast for inspection of cultured cells. 1 Few efforts have focused on scaling down the size of a light microscope, but because of the development of cell-based lab-on-a-chip applications, this is now an important goal. In biology, many cellular processes, including embryonic development, wound healing and disease progression occur over extended periods of time. Hence, it is beneficial to continuously monitor the state of cells during these processes. The current practice for monitoring of cells in culture requires users to remove the cells from the incubator and inspect them under a microscope. This process not only introduces an added disturbance to cells in culture, but it is also prone to microbial contamination during cell handling. Furthermore, for many lab-on-a-chip applications, this requires detachment of the system from syringe pumps and exposure to numerous subsequent deleterious effects, such as the introduction of bubbles. 2 One possible remedy for observation of cells during culture is to build an incubator around a conventional microscope, an approach which results in bulky and expensive systems. The availability of a miniaturized microscope that can be placed inside an incubator will alleviate most of these problems.
Recently, with the availability of low-cost, compact and high-performance image sensors, such as charge coupled devices (CCDs) and complementary metal oxide semiconductors (CMOS), numerous compact lens-free imaging systems have been reported. In a lens-free imaging system, the diffracted or holographic image of objects are recorded directly onto an image sensor and the real image of the object is usually reconstructed numerically. [3] [4] [5] [6] [7] [8] Since lens-free imaging systems do not require any bulky lens systems, they are cost-effective, light-weight and portable. Due to these attractive features, lens-free imaging technology is finding novel applications in biomedical sciences. For example, by using a lens-free imaging system, an ultra wide-field cell detection system has been developed by analyzing the diffraction signature of different cells. 5, 6, 9 Also, a lens-free cardiotoxicity screening system was recently reported to monitor the beating rates and beat-to-beat variations of cardiomyocytes induced by different drugs in real-time. 10 Furthermore, by using a holographic technique with an improved numerical algorithm, a lens-free imaging system with sub-pixel resolution was introduced, 4, 7, 11, 12 and a lens-free optical tomographic microscope has been developed for three-dimensional (3D) microscopy applications. 13, 14 Despite its compact size, a lens-free imaging system has drawbacks for in situ cell monitoring because the object has to be placed close to the image sensor (~100 μm), which is less than the thickness (~2 mm) of the most common cell culture substrates (e.g., flasks, multi-well plates and Petri dishes). This problem can be resolved using a multi-angle illumination scheme, however, the distance between the object and the image sensor has to be less than 1.1 mm. 15 Recently, an ePetri dish has been reported, which uses an image sensor as the cell culture substrate. 16 The ePetri dish has been applied for long-term observation of cellular behavior, but it still needs numerical reconstruction to obtain images of cells.
Several miniaturized microscopes have been commercialized. Examples include IncuCyte ™ (Essen BioScience, Inc.) and LumaScope (Etaluma, Inc.). These microscopes can image cellular behavior inside an incubator but are still expensive and hard to construct by the user. In this study, we used a different approach to develop an inexpensive microscope for in situ live cell monitoring by modifying a commercial webcam. This mini-microscope is constructed by combining a compact CMOS imaging sensor with a simple lens that enables objects to be observed without numerical reconstruction. The developed mini-microscope is easy-to-fabricate, highly cost-effective and compact. Due to its compactness, the minimicroscope can be easily placed and used inside a conventional incubator. To demonstrate the versatility of the mini-microscope, we used this instrument to carry out long-term observations of mouse 3T3 fibroblast cells that were undergoing migration in a scratch assay; we also successfully monitored and recorded the formation of mouse embryonic stem cell (ESC) aggregates in vitro. In addition, we observed the generation of droplets in a microfluidic device in real-time using the mini-microscope.
Materials and methods
All cell culture materials were purchased from Invitrogen (USA), unless otherwise specified. In all experiments, the cells were cultured and monitored continuously in a conventional incubator maintained at 37 °C and 5% CO 2 .
Construction of the mini-microscope
A CMOS imaging module and a plastic lens from a commercial webcam (Logitech, c160) were utilized to construct the mini-microscope. The objective lens of the mini-microscope was fabricated using a 1.5 mL Eppendorf tube. We removed the lid of the Eppendorf tube and cut the closed end to prepare the lens housing. Next, we extracted the plastic lens from the webcam and inserted it inside the housing, and then placed the housing onto the CMOS imager. In a conventional webcam, the lens is used to demagnify the objects, however in our case it was reversed and was used for magnification. The distance between the lens and the image sensor (i.e. length of the housing) determined the magnification (Fig. 1) . Two plastic housings that were 4 mm and 18 mm in length were prepared and utilized in our experiments to provide a range of magnification.
The main frame of the mini-microscope was constructed using glass slides. The dimensions of the entire microscope were 8 cm (width) × 10 cm (depth) × 9 cm (height) and it was designed in a similar way to an inverted microscope so that conventional cell culture equipment can be placed on top for monitoring cells. A white light-emitting diode (LED) was used as the illumination source (Fig. 1) .
The CMOS imaging module was connected to a laptop computer through a USB port. To automate the operations (i.e. image capture and image processing), we developed a computer program using MATLAB software (MathWorks, Inc.). The code is flexible and allows the user to select the time intervals between each image capture (see also ESI, text S1 †).
Cell culture, scratch assay and cell fixation
Mouse 3T3 fibroblast cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 100 units mL −1 of penicillin/streptomycin (Gibco) and three different concentrations (5, 10, and 20%) of fetal bovine serum (FBS, Atlas). The 3T3 cells were passaged every 3 days. The cells were seeded in a 6-well plate (6 × 10 5 cells per well) and cultured for one day to obtain a confluent cell monolayer. The scratch assay was carried out by scratching the monolayer with a 200 μL pipette tip so that a ring shaped region free of cells was formed (see Fig. 2 ). Cell migration into the wound was then monitored using the mini-microscope.
To characterize the mini-microscope's imaging capabilities, the cells were fixed, and the images were captured and compared using both (i) the mini-microscope and (ii) a conventional light microscope. After removing the culture medium, the cells were washed twice using Dulbecco's Phosphate Buffered Saline (DPBS, Gibco) and fixed using 2.5% glutaraldehyde solution (Sigma) for 10 min. The fixed cells were dehydrated in a series of ethanol solutions (70%, 90%, 95% and 100%) for 5 min each. The last dehydration step with 100% ethanol solution was repeated three times. To dry, the fixed cells were placed in a laminar fume hood with hexamethyldisilazane (HMDS) solution (98%, Sigma) for 10 min.
ESCs culture and cell aggregate formation
Mouse ESCs (R1 cell line) were cultured in DMEM supplemented with 2 mM of Lglutamine, 100 units mL −1 penicillin/streptomycin, 0.1 mM β-mercaptoethanol, 1000 units mL −1 leukemia inhibitory factor (LIF, Chemicon) and 10% of ESC qualified fetal bovine serum (ES-FBS). The medium was changed daily. ESCs were passaged before reaching 70% confluence. To generate ESC aggregates, poly(ethylene glycol) (PEG) micro-wells were utilized. 17 ESCs were seeded inside the PEG microwells and cultured in alpha Minimum Essential Medium (α-MEM) supplemented with 15% heat inactivated fetal bovine serum (HI-FBS) and 100 units mL −1 penicillin/streptomycin. Since the ESCs do not adhere to the surface of the PEG microwells, they aggregated and formed spherical structures which were monitored using the mini-microscope for 18 h
Microfluidic device for microdroplet generation and analysis
A poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning) lab-on-a-chip microfluidic device was fabricated using standard soft lithography to generate microdroplets. 18 The microfluidic device had two microchannels, which intersect each other in a perpendicular manner. Each microchannel had a square cross-section (150 μm × 100 μm). Water and mineral oil were introduced to the main and side channels, respectively. The flow rates of water and mineral oil were controlled using a syringe pump (PHD 2000, Harvard Apparatus). The flow rate of water was fixed as 50 μl h −1 . The formation of water droplets under different flow rates of mineral oil (100, 150, 200, 300 μl h −1 ) was monitored using the mini-microscope.
Results and discussion

Characterization of the mini-microscope
Working distance and focus adjustment-To measure the working distance (i.e. the distance between the sample and the surface of the lens), we placed microspheres on a plate and increased the distance between the microspheres and the lens until a focused image was obtained. The measured working distance of the plastic lens was 4.5 mm. The sample stage of the mini-microscope was designed to maintain an optimum working distance from the lens by stacking glass slides instead of having a focus-adjusting knob. Since the plastic lens has a low numerical aperture (NA), the depth of focus (DOF) of the lens is larger than the DOF of a standard objective lens. Due to the large DOF, we can image samples without a need for fine adjustment in the z-axis. However, the low NA limits the resolution as described in following section.
Magnification and field of view (FOV)-
To demonstrate the optical performance of the mini-microscope, images of fixed mouse 3T3 fibroblasts were recorded using the minimicroscope and compared with those obtained using a conventional light microscope (Fig. 3 ). Fig. 3A shows an image taken with the mini-microscope with a housing length of 4 mm. For comparison, the images obtained from a light microscope with 4× and 10× objective lens are shown in Fig. 3B and 3C , respectively. We observed that the magnification of the mini-microscope with a 4 mm housing length was comparable to a 10× microscope objective (equivalent to 100× magnification). To obtain higher magnification, we used a longer housing (18 mm). The imaged cells are shown in Fig. 3D . As can be seen, the nuclei of the cells are clearly distinguishable. Comparing Fig. 3D and 3E , we observed that our mini-microscope has a magnification similar to a conventional microscope with a 40× objective (equivalent to 400× magnification). The measured FOVs of 4 and 18 mm housing were 1.52 × 1.13 mm and 0.21 × 0.16 mm, respectively.
Resolution-To estimate the resolution of the mini-microscope, microspheres (1.2 μm in diameter) were imaged. The variations in light intensity due to the presence of the microparticles were measured by the CMOS imager. For a single microsphere, full width half maximum (FWHM) of the intensity distribution was 2.05 μm which was larger than the actual size of the microsphere.
We believe that this discrepancy is due to the low NA of the plastic lens. The formal definition of the resolution of a microscope is the ability to distinguish two closely spaced points. Therefore, we next imaged two closely spaced microspheres. As shown in Fig. 3F , the center-to-center distance between two 1.2 μm microspheres was measured to be 1.4 μm. Based on this observation, we concluded that the resolution of the mini-microscope is about 1.4 μm or better. This resolution is lower than that of a conventional light microscope, but is sufficient for observing cells. Moreover, the resolution of the mini-microscope can be improved by using a commercially available aspherical plastic lens with a high NA.
Evaluation of scratch assay of mouse 3T3 fibroblast cells
The in vitro scratch assay is often used to mimic and understand the wound healing process and study cell-cell and cell-extracellular matrix (ECM) interactions that mediate this response. 19 In a scratch assay, an artificial gap (scratch) is generated in a confluent cell monolayer and migration of the remaining cells from the edge of the wound into the scratch area is monitored. Fibroblast cells play a central role in wound repair. 20 Hence, in this study, we first created a scratch assay and then monitored the effects of the concentration of FBS on cellular migration rates of mouse 3T3 fibroblast cells. It is known that serum factor affects the migration of 3T3 cells. 21 In this study, we monitored 3T3 cell migration in media containing three different concentrations of FBS to demonstrate the mini-microscope.
To evaluate the effect of the FBS concentration on cell migration, 3T3 cells were cultured in 6-well plates in media containing three different concentrations of FBS (5, 10, or 20%); FBS used in all experiments was aliquoted from a single bottle (ATLAS) to minimize batch-tobatch variability. First, the cells were cultured for one day to obtain a confluent cell monolayer. Then, using a pipette tip, a ring shaped wound assay was generated in the monolayer. The cells were washed twice in DPBS and re-fed with fresh medium. The 6-well plate containing the cells with the scratch assay was then placed onto the mini-microscope. The images were captured every 2 min for 1000 min. From the sequentially captured images, changes in the scratch area were calculated as a function of time using an edge detection algorithm. All data were obtained from three different measurements. Fig. 4 shows the captured images and the corresponding recontructed images using an edge detection scheme after 0, 500, and 1000 min for all three FBS concentrations. After 1000 min, the wound was almost closed in the medium supplemented with 5 or 10% FBS; however, it did not completely close in 20% FBS. To evaluate cell migration rates, the scratch areas measured over time were calculated and plotted in Fig. 5 . For all 3 FBS concentrations, there was a 4 h time delay between the generation of the scratch assay and the start of cell migration into the wound. Fibroblasts are known to respond to wounding by first secreting proteins and synthesizing ECM, prior to migrating into the scratch area. 20 We believe that the 4 h time delay observed in our experiments is related to these processes.
We observed slightly varying cell migration rates in medium with different FBS solutions. To quantify the differences in migration rates, an average migration rate based on 1000 min of monitoring was calculated. First, the image was converted to binary, where the cell occupied pixels were given a value 1 and pixels in scratch area were given the value 0. The variation of the scratch area was calculated by counting the number of zero-valued pixels in the binary images. The average migration rates were found to be 259 ± 27.5 μm 2 min −1 , 252 ± 8.2 μm 2 min −1 and 212 ± 7.7 μm 2 min −1 for medium loaded with 5%, 10% and 20% FBS concentrations, respectively. For medium containing 5 or 10% FBS, the cell migration rates were not significantly different; however, for the medium with 20% FBS, the migration rate was found to be significantly slower. This is possibly due to the fact that FBS contains not only growth factors but also inhibitors of cell proliferation and migration. Therefore, it may be that there is an optimum concentration of FBS for cell spreading and migration, which was between 5 and 10% in our experiments with these mouse 3T3 fibroblasts. 22 
Monitoring ESC aggregate formation inside PEG microwells
ESCs, which can be obtained by isolation from the inner cell mass during the blastocyst stage, are characterized by their ability for self-renewal and pluripotency. 23 Due to these properties, studies of ESCs are of great interest for cell-based therapies and tissue engineering. 24, 25 It is well known that controlling the microenvironment of ESCs plays a key role in their differentiation. 26, 27 This has led to the use of microscale technologies to study ESC biology. 17, 28, 29 Therefore, in situ monitoring of stem cells may help to provide new insight into ESC biology.
To assess the utility of the mini-microscope for visualizing cells in a microengineered culture platform, we monitored the formation of ESC cell aggregates in PEG microwells. ESC aggregates can form embryoid bodies (EBs) that contain all three primary germ layers (endoderm, ectoderm and mesoderm). 25 A recent study showed that the size of the EB can regulate ESC differentiation. 17 To create ESC aggregates, ESCs were first seeded inside a PEG microwell (450 μm in diameter and depth). Next, we placed the PEG microwell containing ESCs on the mini-microscope and monitored the formation of cell aggregates. Fig. 6 shows sequentially captured images during cell aggregate formation. Initially, the ESCs sedimented on the bottom surface of the microwell. Within 12 h, the ESCs started to aggregate and formed floating spheroids (see also ESI Movie S2 †). As the ESCs aggregated, they formed dense spherical EBs. With this, we demonstrated that the mini-microscope can not only capture images from conventional cell culture flasks, but also it can be utilized with novel microfabricated culture platform.
Monitoring the generation of droplets inside a microfluidic chip
Recently, microdroplets in microfluidics have been extensively utilized in chemical and biological applications. [30] [31] [32] [33] In contrast to continuous flow, the droplet or digital fluidics further reduce sample volumes (pico-and nano-liter) and enable a range of high throughput studies. 31 The droplets are often generated in microfluidic chips by flow instability due to the induced shear force between two immiscible fluids. During microdroplet generation, in situ monitoring is required to find optimum flow conditions for generating droplets with desired shapes and dimensions. In situ monitoring also allows for observation of reactions inside droplets. By using our mini-microscope, we monitored the formation of droplets in real-time. To generate the droplets, we utilized a flow focusing geometry 31 (Fig. 7) . Water and mineral oil solutions were simultaneously injected into the center and side channels, respectively. Food dye was dissolved in a water solution to better distinguish the water droplets in oil. The size of the droplets were controlled by adjusting the fluid flow rate ratios (Q oil /Q w ). We set the flow rate of water (Q w ) to 50 μl h −1 and changed the flow rate of oil (Q oil ) to 100, 150, 200, and 300 μl h −1 , and observed the effects of different fluid flow-rate ratios on droplet generation. Fig. 7 shows images of generated droplets captured by the mini-microscope for different fluid flow-rate ratios. The increase in oil flow-rate resulted in a decrease in droplet size due to the higher shear stress, and an increase in the rate of droplet generation (see also ESI Movie S3 †).
Conclusions
A simple method to create a cost-effective and portable mini-microscope was presented. Using a CMOS imager, a plastic lens and an LED, we fabricated a miniature portable minimicroscope of comparable quality to a microscope with a 40× objective. The microscope is compatible with conventional cell culture equipment, such as cell culture flasks, multi-well plates and Petri dishes, as well as microengineered culture platforms, and it can be readily utilized inside a common incubator.
To demonstrate the functionality of the mini-microscope, we conducted three experiments. In the first experiment, we monitored cell-migration rates as a function of FBS concentration, using a scratch assay. In the second experiment, we utilized a PEG microwell platform and monitored the formation of cell aggregates using the mini-microscope in realtime. In the third demonstration, we monitored the influence of different flow conditions to the formation of droplets inside a microchannel. In these demonstrations, the minimicroscope performed as well as a conventional optical microscope, yet was compact and allowed continuous in situ monitoring of cellular processes for extended periods of time.
It is important to note that while the mini-microscope is highly functional, further improvements can be made to our system. For example, the plastic lens used in this minimicroscope could easily be replaced with a low-cost plastic aspherical lens with a high numerical aperture so that the resolution and the image quality can be improved. The maximum image-capturing rate of the current mini-microscope is 30 frames per second, which is fast enough to detect squirming cells such as beating cardiomyocytes. The capture rate can also be easily improved by using a high-speed image sensor. Moreover, several mini-microscopes can be operated in parallel, which enables the simultaneous imaging of multiple samples. In addition to live-cell monitoring, the mini-microscope can be a powerful and versatile approach to reduce the current large dimensional gap between state-of-art microscale devices and the observation tools in emerging point-of-care systems.
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Refer to Web version on PubMed Central for supplementary material. Schematic of the mini-microscope. (A) The role of the plastic lens in a conventional webcam is demagnification of the objects. (B) In the mini-microscope, the plastic lens was reversed and used for magnification. The distance between the imaging module and the lens determines magnification. (C) The mini-microscope is compatible with conventional cell culture equipment and fits easily inside a cell culture incubator for in situ cell monitoring. Experimental procedure for creating and monitoring the scratch assay. The mouse 3T3 fibroblast cells were seeded in a 6-well plate and cultured until confluence. A 200 μL pipette tip was used to create a scratch assay. The migration of cells towards the scratch area was monitored using the mini-microscope. Comparison of images obtained using the mini-microscope and a conventional light microscope. Images of mouse 3T3 fibroblast cells obtained using the mini-microscope with a housing length of 4 mm (A) and 18 mm (D) and compared with images obtained using a conventional light microscope with 4× (B), 10× (C) and 40× (E) objective lens. To evaluate the resolution of the mini-microscope, the images of 1.2 μm PSL microspheres were captured and analyzed (F). Light intensity distribution on the imager due to a single microsphere (black) and two adjacent microspheres (red). (scale bar: 100 μm (A)-(C), 20 μm (D) and (E)). Change in scratch area as a function of time for different FBS concentrations in the culture medium. A 4 h time delay was observed before the cells start to migrate into the scratch area for all concentrations of FBS. * shows a significant difference in variance (p < 0.05). For statistical analysis, one-way ANOVA was used. ESC aggregates formation inside a PEG microwell. Mouse ESCs were seeded in a PEG microwell and were monitored using the mini-microscope. ESCs aggregated and formed dense spheroids. After approximately12 h of seeding, cell aggregates formed and then began to float in the microwell. (See also ESI Movie S3 †). Scale bar: 100 μm. Real-time imaging of microfluidic droplet generation using the mini-microscope. Water droplets were generated with a water flow-rate of 50 μl h −1 and an oil flow-rate of 100 μl h −1 (A), 150 μl h −1 (B), 200 μl h −1 (C) and 300 μl h −1 (D). Droplet size and droplet generation rate as a function of the fluid flow rate ratio (E). (See also ESI Movie S4 †). Scale bar: 100 μm.
